The mechanical properties of polyvinyl alcohol (PVA) films prepared by evaporating water from freeze/thaw cycled gel were investigated as a function of the number of freeze/thaw cycles. The maximum stress of the PVA film prepared by freeze/thaw cycling was larger than that prepared without the freeze/thaw cycle process. The largest maximum stress was 46.2 MPa for a film prepared with 10 freeze/thaw cycles, which was twice as large as that for a cast PVA film without freeze/thaw cycling (22.3 MPa). This is due to the formation of small crystallites during the freeze/thaw cycle process. Furthermore, when the film was annealed at 130˚C, the maximum stress was as high as 181 MPa which was comparable to that for PVA films prepared using additives. The crystallinity is not the main factor that determines the maximum stress for either the non-annealed or annealed freeze/thaw cycled films, but the glass transition temperature is well correlated with the maximum stress, irrespective of the annealing process. This is due to the different molecular morphology; the non-annealed freeze/thaw cycled film consists of many small crystallites, but the annealed film consists of larger crystallites formed during the annealing process.
Introduction
Polyvinyl alcohol (PVA) is a representative water soluble polymer that is widely investigated as a host material for nanocomposites. There have been many reports on the mechanical properties of PVA films with additives. The mechanical properties are strongly dependent on the degree of saponification and the maximum stress for PVA film with saponification of ca. 98% is improved to ca. 60 MPa (original PVA: ca. 20 MPa) [1] , 72 MPa (28 MPa) [2] , and 42 MPa (17 MPa) [3] by the addition of Ag, aminoclay plus Ag, and graphene, respectively. PVA film with saponification of >99% provided higher maximum stress, such as 83 and 95 MPa reported by Zang et al. [4] and Morimune et al. [5] , respectively, and further improvement to 148 and 124 MPa was achieved by the addition of polyvinylpyrolidone (PVP)/sodium dodecyl sulfate (SDS)/single wall carbon nanotubes (SWNTs) and nanodiamond, respectively. Significant improvement of the mechanical properties of PVA film was also recently reported using Na + -montmorillonite + Cu 2+ and nanodiamond + SWNTs of which the maximum stresses were as high as ca. 320 MPa (original PVA: 40 MPa) [6] and 534.3 MPa (38.0 MPa) [7] , respectively. Annealing is another factor used to improve the mechanical properties of PVA. PVA with saponification of 98% -99% that was annealed at 130˚C exhibited a maximum stress as high as 137 MPa [8] . These results indicate that regulation of the morphology and crystallinity is important factors in improving the mechanical properties of PVA film.
PVA forms a stable hydrogel by physical cross-linking. It has been reported that repeated cycling processes of freezing at −20˚C and thawing at room temperature provides a thermoreversible hydrogel [9, 10] . PVA hydrogel prepared by freeze/thaw cycles has attractive properties, such as good mechanical properties, rubber-like flexibility, and high water content. The molecular structure of this PVA hydrogel is characterized by the aggregation of water, swollen amorphous PVA containing water, and crystalline PVA which acts as a cross-linking point [11] [12] [13] [14] [15] . The crystallinity of this gel is very low, in the range from 2.5% (1 cycle) to 6.3% (9 cycles) [13] . We have reported the coagulation size of water formed in the PVA hydrogel [16, 17] . The coagulation diameter was estimated to be 30.2 nm for a 10 wt% gel after 2 freeze/ thaw cycles. Willcox et al. also reported the coagulation size of water with a diameter of 30 nm by cryogenic transmission electron microscopy (cryo-TEM) observation [18] , which was in good agreement with our results [16, 17] .
The PVA hydrogel formed by freeze/thaw cycling has good mechanical properties. Small crystallites act as a cross-linking point to improve the mechanical properties. However, there has been no reports on the mechanical properties of PVA film prepared from a freeze/thaw cycled hydrogel. Therefore, the present work is focused on the mechanical properties of PVA film prepared by freeze/thaw cycle processes as a function of the number of freeze/thaw cycles.
Experimental

Sample Preparation
PVA with saponification of 98.5 mol% was provided by Kuraray Co., Ltd. The stereoregularity was determined to be mm = 0.23, mr = 0.48, and rr = 0.29 by 1H nuclear magnetic resonance (NMR) measurements [16] . A PVA cast film (CF) was formed by casting the 10 wt% PVA solution and drying at room temperature for over a week. The film formed using the freeze/thaw cycle process was prepared as follows. 10 wt% PVA was dissolved in water at 120˚C in an autoclave, and the PVA hydrogel was then formed by freezing at −20˚C for 5 min and thawing at 25˚C for 45 min. The number of freeze/thaw cycles employed was between 1 and 10. The gel was then dried at room temperature for over a week in a vacuum; this film is abbreviated as gel film-n (GF-n), where n denotes the number of freeze/thaw cycles. The films were annealed at 130˚C for 30 min in a thermostatic oven; the annealed cast and gel films are abbreviated as aCF and aGF-n, respectively.
Measurements
Differential scanning calorimetry (DSC) was performed on a Rigaku 8230D instrument at a heating rate of 5˚C/ min from room temperature to 250˚C.
The mechanical properties were measured using a tensile testing instrument (Shimadzu Instron 5566). The PVA film sample was a lateral shape with dimensions of 3.0 × 1.0 cm 2 and a thickness of 0.1 -0.3 nm. Tensile measurements were conducted with a head speed of 0.5 mm/min for a least three film samples prepared under the same conditions, and the average value was adopted.
Dynamic mechanical analysis (DMA) was performed on a dynamic viscoelasticity instrument (I.T. Instruments DVA-200). The heating rate was 3˚C/min in the range from −100 to 200˚C. The glass transition temperature (T g ) was determined from the initial temperature required to decrease the storage modulus.
Results and Discussion
Crystallinity of the Film Prepared by
Freeze/Thaw Cycling Thermal analysis of the PVA film prepared by evaporating water from the freeze/thaw cycle gel was investigated to determine the crystallinity. According to a previous report, the crystallinity of the freeze/thaw cycle gel is dependent on the number of freeze/thaw cycles [13] . Therefore, the crystallinity of the GFs was investigated as a function of the number of freeze/thaw cycles after the evaporation of water. Figure 1 (A) shows DSC profiles for GFs after various numbers of freeze/thaw cycles. The melting temperature was observed around 220˚C irespective to the number of freeze/thaw cycles; however, the enthalpy for melting increased with the number of freeze/thaw cycles, which corresponds to an increase of crystallinity. Figure 2 shows the crystallinity as a function of the number of freeze/thaw cycles, where 138.6 J/g is used for 100% crystallinity of PVA [19] . The crystallinity of the CF was as low as 22.3%. A homogeneous solution of PVA/water was poured on a glass plate to form the CF; therefore, crystallization is induced by nucleation in the homogeneous solution and subsequent crystal growth during the water evaporation process. In the case of the GF, the crystallinity increased with the number of freeze/thaw cycles. The crystallinity of GF-1 became slightly larger at 23.1%, and the crystallinity of GF-10 was as high as 45.1%. The crystallinity of these films is expected have a direct dependence on that of the gel prior to water evaporation, because the crystallites in the gel act as nucleation sites. Ricciardi et al. estimated the crystallinity of a hydrogel prepared by the freeze/ thaw cycle process by X-ray diffraction analysis, and reported the PVA hydrogel consists of water aggregation, swollen PVA, and crystalline PVA.
The crystallinity was increased from 2.5% (1 cycle) to 6.3% (9 cycles) [13] . The crystallites act as nucleators during the water evaporation process; therefore, the extent of crystallinity in the film is dependent on the number of crystallites. Thus, the main factor for crystallization in the gel formed by the freeze/thaw cycle process is considered to be the formation of small crystallites or crystal growth from small crystallites.
Hernandez et al. reported that the storage modulus of a freeze/thaw gel was increased with the number of cycles. They concluded that the number of cross-links increases with each cycle [20] . Both the increase of crystallinity and the formation of cross-links when the freeze/thaw process is repeated indicate that more crystallites would be formed in the gel, which would lead to an increase of crystallinity. During the water evaporation process, the crystallites act as nucleators to promote crystallization. This results in an increase of crystallinity for the GF after the evaporation of water with repetition of the freeze/ thaw cycles.
Crystallization is further promoted when the film is annealed. DSC profiles and the crystallinity of the annealed films are shown in Figures 1(B) and 2, respectively. The crystallinity increased after annealing. The crystallinity of the GF was larger than 40%, and some of the aGF with low numbers of freeze/thaw cycles had similar crystallinity. For example, the crystallinity of 40.2% for GF-5 is similar to that of 40.1% for aGF-1. The main factor of crystallization for the GF is crystal growth from small crystallite nucleators induced in the gel, whereas that for the annealed film is due to thermally induced crystal growth. These processes result in different crystallite sizes. The mechanical properties of these films are discussed in the following section. Figure 3(a) shows stress-strain curves for CF and GF-10. There is a significant difference between the films with and without freeze/thaw cycling treatment. For the CF sample, the maximum stress was as low as 22.3 MPa, whereas that for the GF-10 sample was 46.2 MPa, which is approximately twice as large. The maximum stresses of PVA films with similar saponification of ca. 98.5% and additives of Ag, aminoclay plus Ag, and graphene have been reported to be ca. 60 [1] , 72 [2] , and 42 MPa [3] , respectively. Therefore, the present result is comparable to a PVA film with additives. It should be noted that the GF used in this research contains no additive. Thus, the crystallites act as a cross-linking point, which has the same role as that of the additives in References [1] [2] [3] . The maximum stress was increased when the films were annealed at 130˚C, as shown in Figure 3B(b) . The maximum stress of the aGF-10 sample was as high as 180.6 MPa, which is larger than 103.4 MPa for the aCF. The maximum stress previously reported for a cast PVA film annealed at 130˚C was 137 MPa [8] . Therefore, it can be concluded that the annealing of the CF sample is effective to increase the maximum stress of the CF sample.
Mechanical Properties
The maximum stress before and after annealing is plotted as a function of the number of freeze/thaw cycles in Figure 4 . The maximum stress increased with the number of freeze/thaw cycles. At over seven freeze/thaw cycled, the maximum stress became almost constant for both films before and after annealing. The maximum stress increased from 22.3 MPa for CF to 46.2 MPa for GF-10, which is an increase of 2.1 times, whereas that for aCF at 103.4 MPa increased to 180.6 MPa for aGF-10, which is 1.8 times larger. The increase in crystallinity is dependent on the number of freeze/thaw cycles; therefore, the maximum stress was plotted as a function of crystallinity in Figure 5 . If the crystallization condition is the same, then the maximum stress can be fitted by a function. However, the dependence on crystallinity was completely different for the films before and after annealing. Therefore, the same crystallinity before and after annealing did not provide the same strain. For example, the films with ca. 40% crystallinity; the GF-1 and aGF-5 samples had maximum stress at 22.3 MPa and 150.2 MPa, respectively. It can be concluded that the maximum stress of PVA films prepared under different crystallization condition is not dependent on the crystallinity; therefore, the molecular morphology should be considered. The morphological difference is attributed to the number of crystallites and the size of the crystallites. The crystallites in the GF would be small, because the film has not been annealed, and comparatively small crystallites would be dispersed in the film. In contrast, crystal growth occurs in the aGF by annealing, so that the crystallites are larger than those in the GF. This corresponds that smaller amount of crystallites provides high crystallinity. As a result, the GF requires more freeze/thaw cycles than the aGF to obtain the same crystallinity. Therefore, it was concluded that there is no direct relationship between the maximum stress and the crystallinity for GF and aGF.
Young's modulus is plotted for GF and aGF as a function of the freeze/thaw cycle in Figure 6 . A similar trend to that for the maximum stress is observed, where the Young's modulus increases with the number of freeze/ thaw cycles. Young's modulus was in the range between 1.8 GPa for CF and 4.7 GPa for GF-10. After annealing, the modulus increased to between 2.6 for aCF and 8.9 GPa for aGF-10. The aGF-7 sample had the largest Young's modulus of 9.8 MPa. This is more than three times larger after freeze/thaw cycles. Konidari et al. reported that a PVA film annealed at 130˚C has a Young's modulus of 2.26 GPa [8] . Compared with this result, the 
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Young's modulus for aGF-7 is much larger. The present results are comparable with that reported for a PVA (saponification of 99%)/nanodiamond (5 wt%) composite with a Young's modulus of 10.6 GPa [5] .
The elongation at break is plotted against the number of freeze/thaw cycles in Figure 7 . The CF had large elongation at break of 310%. The elongation at break was slightly reduced from 290% for GF-1 to 266% for GF-10. The crystallinity of the GF is higher than that of CF; therefore, non-crystalline chains between crystallites would be more distorted in the GF compared with the CF. This results in smaller strain for the GF. When the films are annealed, the strain is less than 10% for both cast and gel films.
The crystallinity, mechanical properties, and T g for the CF, GF10, aCF, and aGF10 samples are summarized in Table 1 . The GF has a comparatively large maximum stress and Young's modulus and very large elongation at break, which corresponds to a ductile film. The aGF is characterized by very large maximum stress and Young's modulus and very small elongation at break, which corresponds to a strong film with no ductile properties.
Glass Transition Temperature of Gel Film
The mechanical properties are related not only to the cry- stallinity, but also the molecular structure of amorphous. Therefore, T g was measured using DMA. Figure 8 shows the dependence of the storage modulus on the temperature for CF and GF before and after annealing at 130˚C. The T g of CF was observed at 22.3˚C, whereas that for the GF-10 was 42.8˚C. A comparatively large number of small crystallites are formed in the GF. The amorphous chain between crystallites would be more distorted than that for CF, so that the T g is higher. When the films are annealed, the T g increases for both CF and GF. The crystal growth due to annealing makes the amorphous region small, and the amorphous chain would be more distorted, which results in higher T g . Figure 9 shows T g as a function of the number of freeze/thaw cycles. T g increases with the number of freeze/thaw cycles for both GF and aGF. The T g of aGF increased from 45.3˚C for aGF-1 to 72.1˚C for aGF-10, in contrast to the increase from 27.6˚C to 45.2˚C for the non-annealed GF. This can be explained by the increase in distorted non-crystalline chains between crystallites with annealing.
The relationship between the maximum stress and T g was investigated. Figure 10 shows the maximum stress as a function of T g . In contrast to the relationship between the maximum stress and the crystallinity shown in Figure 5 , the experimental result can be fitted by the following equation: 
where S max denotes the maximum stress. Therefore, the maximum stress can be expressed as a function of T g . The mobile component of the amorphous chain, which results in low T g , would be broken more easily than the hard one. Therefore, it is concluded that the important factor that determines the maximum stress is T g . Thus, high T g , which corresponds to less mobile amorphous chains, results in an increase of the maximum stress.
Conclusions
The mechanical properties of PVA films prepared from freeze/thaw cycled gel were investigated. During the water evaporation process, crystal growth was promoted by the small crystallites formed in the gel during the freeze/ thaw cycle process. The crystallinity of the GF increased with the number of freeze/thaw cycles, which corresponded to the formation of more crystallites. The maximum stress of the GF was larger than that of the CF and increased with the number of freeze/thaw cycles. The largest maximum stress of GF was 46.2 MPa for GF-10, which was approximately twice that of 22.3 MPa for the CF. No additives were used in these films, but the maximum stress of the GF was comparable with previously reported PVA films containing additives. Annealing of the films at 130˚C resulted in an increase of the maximum stress. The maximum stress of 46.2 MPa for GF-10 became 180.6 MPa for aGF-10. The Young's modulus was as high as 9.8 GPa for aGF-7, which was three times larger than that for aCF at 2.6 GPa. The elongation at break for GF was almost comparable to that for CF, and it remained small for aCF and aGF after annealing. In conclusion, GF was stronger and more ductile than CF, and the aGF was much stronger with small strain.
The maximum stress was not well correlated with the crystallinity for GF and aGF, but was fitted as a function of T g using Equation (1), where high T g corresponded to rigid amorphous chain between crystallites that resulted in large maximum stress. This can be explained by the molecular morphology. The non-annealed GF consists of small crystallites, but the aGF film consists of comparatively large crystallites promoted by the annealing process. Crystal growth allows the amorphous chains to become more distorted.
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